Molecular evolution is driven by mutations, which may affect the fitness of an organism and are then subject to natural selection or genetic drift. Analysis of primary protein sequences and tertiary structures has yielded valuable insights into the evolution of protein function, but little is known about the evolution of functional mechanisms, protein dynamics and conformational plasticity essential for activity. We characterized the atomic-level motions across divergent members of the dihydrofolate reductase (DHFR) family. Despite structural similarity, Escherichia coli and human DHFRs use different dynamic mechanisms to perform the same function, and human DHFR cannot complement DHFR-deficient E. coli cells. Identification of the primarysequence determinants of flexibility in DHFRs from several species allowed us to propose a likely scenario for the evolution of functionally important DHFR dynamics following a pattern of divergent evolution that is tuned by cellular environment.
Diversification of gene families and their resulting protein products through mutation, random genetic drift and natural selection has resulted in the wide spectrum of enzymes, signal transducers, cellular scaffolds and other molecular machines found in the diverse species represented in all kingdoms of life. The effects of divergent evolution on three-dimensional protein structures are addressed in many studies that provide fundamental insights into evolutionary pressures that drive diversification of protein folds [1] [2] [3] . However, motions and flexibility are also essential for the function of proteins and macromolecular machines, and, just as protein structures are subject to natural selection, evolutionary pressures might also be expected to tune protein dynamics to adapt proteins to new environments and facilitate the emergence of new functionalities. Indeed, comparisons between thermophilic and mesophilic enzymes reveal that their dynamics and activity are adapted to the thermal environment of the organism 4, 5 . In principle, the adaptation of enzymes to different environments or to specialized functions may involve a radical reconfiguration of the dynamic landscape. Understanding how new dynamic modes arise would provide fundamental insight into the evolution of new functionality, and this is addressed here in the context of the enzyme DHFR.
DHFR catalyzes the NADPH-dependent reduction of dihydrofolate (DHF) to tetrahydrofolate (THF), an essential precursor for thymidylate synthesis in cells 6 . The evolution of DHFR is of great interest, in the context of both understanding how the enzyme has adapted to different cellular environments and predicting its evolution in drugresistant pathogens 7 . E. coli DHFR (ecDHFR, ecE) has long served as a paradigm for the understanding of enzyme mechanisms [8] [9] [10] [11] [12] . Although human DHFR (hDHFR, hE) is structurally similar to ecDHFR (Fig. 1a) , their primary sequences are highly divergent, as reflected in subtle changes in the catalytic cycle 9,10,13 with different kinetics and different rate-limiting steps under physiological concentrations of ligands (Fig. 1b) . We hypothesized that ecDHFR and hDHFR may have evolved different dynamic mechanisms within the constraints of the same fold and the same key catalytic residues. To address this hypothesis, we used an integrated approach, including structural biology, mutagenesis, bioinformatic analyses and cell biology, which allowed us to uncover evolutionary aspects of the motions present in the DHFR enzyme family.
RESULTS

Active site loop motions in human DHFR
Given the well-established role of dynamics in ecDHFR function [14] [15] [16] , we hypothesized that altered dynamics in hDHFR might account for its unique catalytic properties. ecDHFR undergoes conformational changes, involving rearrangement of its active site loops [17] [18] [19] [20] [21] , as it proceeds through five observable intermediates in the catalytic cycle (Fig. 1b) . To investigate and characterize key intermediates in the catalytic cycle of hDHFR, we determined crystal structures (Supplementary Figs. 1 and 2 and Table 1 ) of hDHFR in complex with NADP + and folic acid (hE-NADP + -FOL, 1.4-Å resolution) and in complex with NADP + and 5,10-dideazatetrahydrofolate (hE-NADP + -ddTHF, 1.7-Å resolution), which model the Michaelis complex and product ternary complex, respectively. In contrast to ecDHFR, in which the Met20 loop moves from the closed conformation in the E-NADPH and E-NADP + -FOL complexes to the occluded conformation in the three product complexes (Fig. 1c) 18 , 1 2 4 4 VOLUME 20 NUMBER 11 NOVEMBER 2013 nAture structurAl & moleculAr biology A r t i c l e s thereby facilitating ligand flux 14, [21] [22] [23] , hDHFR remains in the closed conformation in both ligand-bound states, without any apparent structural change in the active site loops (Fig. 1d) . Thus, in hDHFR, the Met20 loop appears to be locked in place and unable to undergo this conformation change. Consistent with our findings, the active site loops adopt the closed conformation in all available crystal structures of vertebrate DHFRs, including complexes of hDHFR with small-molecule inhibitors and a substrate (folate) 24 . Importantly, the closed-to-occluded conformational transition in ecDHFR can also be visualized directly in solution by comparison of the 15 N HSQC spectra of the ecE-NADP + -FOL and ecE-NADP + -THF complexes, which differ owing to the conformational change in the Met20 loop (Fig. 1e) 14, 18, 20 . In marked contrast to ecDHFR, the 15 N HSQC spectra of the hE-NADP + -FOL and hE-NADP + -THF complexes are almost identical (Fig. 1f) , thus showing that in solution, as well as in the crystal structures, no backbone conformational changes are observed for the human enzyme.
Active site packing and preorganization in hDHFR
The hDHFR active site cleft in the model Michaelis complex, E-NADP + -FOL, is more tightly packed than that of ecDHFR bound to the same ligands (Fig. 2a,b) and probably has an important role in optimal positioning of the donor and acceptor atoms for catalysis, thereby contributing to its increased rate of hydride transfer 8, 10 . However, the tight packing of the hDHFR active site, coupled with the apparent lack of active site loop motions to facilitate ligand flux, raises a critical question: how do the ligands get into and out of the hDHFR active site?
Differences in dynamics between ecDHFR and hDHFR
In ecDHFR, millisecond-timescale fluctuations in the active site contribute to efficient ligand flux and catalysis; mutations that perturb the dynamic equilibrium between the closed and occluded conformations of the Met20 loop notably alter substrate and cofactor flux 14, 23, 25, 26 . Although the crystal structures and 15 N HSQC spectra of hE-NADP + -FOL and hE-NADP + -THF (or hE-NADP + -ddTHF) suggest that the active site loops of hDHFR are predominantly closed, we used CPMG-based 15 Fig. 3a-c) . These rapid conformational fluctuations (at rates ranging from ~15,000 to 30,000 s −1 ) occur in many regions of the enzyme, including regions that line one edge of the active site, and may have a role in ligand binding and release. Remarkably, despite the structural similarity between human and E. coli DHFRs, both the nature and timescale of the ground-state conformational fluctuations have diverged considerably, thus bolstering the hypothesis that the dynamic mechanisms of ecDHFR and hDHFR are fundamentally different.
Exaggerated hinge movements in hDHFR
To gain further insights into how hDHFR exchanges substrate in the absence of flexible active site loops, we determined the crystal structure of the hE-NADPH binary complex at 1.2-Å resolution. Notably, the active site cleft in the hE-NADPH structure is more open than that in the hE-NADP + -FOL complex (Fig. 2c,e,g ). Opening of the active site is accomplished not by the motion of flexible loops, as in ecDHFR, but by a rigid-body, twisting-hinge motion that rotates the adenosine-binding subdomain (defined as Thr40-Gly129) ~10° away from the loop subdomain (Gly2-Thr39 and His130-Asp186). These subdomains are connected by two hinges: hinge 1 (Thr39-Leu49) and hinge 2 (Gly129-Leu131). In the hE-NADPH complex, the hinges stabilize the active site cleft in an open (hinge-open) conformation that probably facilitates substrate entry (Fig. 2e) . Upon binding of substrate (folate), the adenosine-binding subdomain rotates inward to tightly close the active site (Fig. 2g, Supplementary Fig. 2a -c and Table 2 ). Hinge 1 moves as a rigid body to accommodate the subdomain rotation, and hinge 2 allows the sliding motion of helix αF that opens and closes the active site cleft 27 . Interestingly, subtle hinge movements have also been reported for ecDHFR 18 . However, unlike that of the human enzyme, the subdomain rotation in ecDHFR displays a much smaller range of motion of the active site cleft (Fig. 2d,f, Fig. 2f,h ). We further quantified the difference between binary and ternary structures for hDHFR and ecDHFR by calculating the distance difference matrix (Fig. 2i,j) , which shows clearly that the extent of motion in the human enzyme is greater at this step of the catalytic cycle than that observed for the E. coli enzyme. The length of the hinges is seemingly a key factor in determining the magnitude of the hinge bending motions. The ecDHFR hinge 1 and 2 regions are tightly packed and may not be long enough to provide the structural framework for the larger rigid-body motion observed in hDHFR (Fig. 3) . In particular, hinge 1 in ecDHFR is 'embedded' in a tight groove where any large movement would be highly constrained by clashes with both the adenosine-binding and loop subdomains. The observation that a subtle subdomain rotation is possible in the E. coli enzyme 18 provides a framework for understanding how alternative dynamic mechanisms may arise and change during the course of evolution. Just as new functionalities are most frequently derived from existing protein folds, new dynamic mechanisms probably derive from existing modes of protein motions. The subtle hinge motion in ecDHFR may represent an ancestral motion that has been accentuated in hDHFR through the course of evolution, increasing the amplitude of domain movement to permit ligand flux and thus eliminating the need for the closed-occluded transition of the Met20 loop used by ecDHFR.
Sequence determinants and evolution of dynamic mechanisms
To further explore the evolution of dynamics in the DHFR family, we conducted a comprehensive comparative analysis of all available DHFR sequences (~1,800 sequences), including eukaryotic DHFRs from all available fully sequenced genomes (172 sequences) (Supplementary Table 3 ). In particular, we focused on three regions that we hypothesized would best account for the mechanistic differences between ecDHFR and hDHFR: region A, at the end of the Met20 loop, and regions B and C, which contain the hinges implicated in subdomain rotation (Fig. 3) . The analysis reveals a clear pattern in sequence and length of regions A, B and C that we link to flexibility, thus allowing us to propose that these regions of the DHFR sequence determine, at least in part, the protein motions that mediate the flux of substrate, product and cofactor at various stages of the catalytic cycle.
Region-A loop length influences conformational flexibility
Region A contains seven residues in ecDHFR and eight residues in hDHFR. This region became proline rich in recent evolutionary times 28 . Incorporation of the PWPP motif from region A of the human enzyme into ecDHFR, through the mutation N23PP (which changes 21-PWNL-24 to 21-PWPPL-24) alters the motions in the Met20 loop and active site 14 . To determine whether this polyproline motif in region A affects flexibility in ecDHFR, or whether the loop length itself contributes to differences in conformational sampling, we characterized an ecDHFR mutant with an alanine insertion . 15 N HSQC spectra of the complexes before and after hydride transfer (modeled by E-NADP + -FOL and E-NADP + -THF) show that insertion of a single residue (alanine) is sufficient to prevent the transition to the occluded conformation (Fig. 4a-c) , and it severely dampens millisecond-timescale motions in the active site ( Supplementary Fig. 4) . Thus, it is primarily the length of region A and not its proline content that influences the conformational flexibility of the Met20 loop.
The majority of prokaryotic DHFRs have seven residues in region A, and we hypothesized that they would have conformational flexibility similar to that of ecDHFR. Region A in eukaryotic DHFRs is more heterogeneous, with sequences containing seven residues (E. coli like), eight residues (human like) or more than eight residues (Fig. 5) . We chose representative DHFRs from several species ( Supplementary  Fig. 5a-d) , in which region A contains seven, eight or ten residues, and investigated their flexibility, using NMR spectroscopy to obtain insights into ligand-dependent conformational sampling. We compared 15 npg A r t i c l e s seven residues in region A, i.e., Bacillus anthracis (baDHFR), Staphylococcus aureus (saDHFR), Streptococcus pneumoniae (spD-HFR) and Vibrio cholerae (vcDHFR) (34-51% identity with ecDHFR), the 15 N HSQC spectra reveal conformational changes between the model Michaelis complex and the product ternary complex (Fig. 4 and Supplementary Fig. 6a-d) .
We also acquired HSQC spectra for the NADP + -FOL and NADP + -THF complexes of several vertebrate DHFRs that vary in length and sequence of region A. For Sus scrofa (pig) and Bos taurus (cow) DHFR, region A is identical to that of humans, and the NMR experiments confirm that no conformational changes occur across the hydridetransfer step (Supplementary Fig. 5e-i) . Rattus norvegicus (rat) DHFR (rDHFR) also contains eight residues, but Pro26 of hDHFR is replaced by leucine. Danio rerio (zebrafish) DHFR (zDHFR) contains a two-residue insertion in region A, making it ten residues in length, with histidine in place of Pro25 of hDHFR ( Supplementary  Fig. 5) . Again, the almost-identical 15 N HSQC spectra of complexes of rDHFR and zDHFR before and after hydride transfer confirm that the enzymes do not undergo conformational changes across the chemical step ( Fig. 4f and Supplementary Fig. 6e-i) . We therefore conclude that proline at position 25 or 26 (hDHFR numbering) is not essential for stabilization of the closed conformation and that the length of loop A is the primary determinant of conformational change in the active site loops between complexes before and after hydride transfer.
The Caenorhabditis elegans DHFR (ceDHFR) sequence is an example of a eukaryotic DHFR in which region A is seven residues (as in bacterial enzymes), but the hinges have similar lengths to that of hDHFR. We observed several chemical-shift differences in the 15 N HSQC spectra between complexes of ceDHFR before and after hydride transfer, results indicating similar conformational flexibility to bacterial DHFRs (Fig. 4e) . ceDHFR is prototypical of a large subset of eukaryotic DHFRs, in which the region-A length resembles that of ecDHFR, whereas regions B and C are similar to those of hDHFR.
Properties of the hinges
Hinge 1 is located in region B. Bacterial DHFR sequences predominantly contain short region-B sequences, as in ecDHFR (12 residues), whereas in eukaryotic DHFRs, with very few exceptions found in unicellular species (for example, some amoebozoans and stramenopiles), region B is ≥19 residues (Fig. 5 and Supplementary Fig. 5 ). In hDHFR, Asn48 hydrogen-bonds to the backbone of Thr38 and Thr40 in the hinge and to Met111 in the adenosine-binding domain, thus maintaining the hinge structure during subdomain rotation (Supplementary Fig. 2d and Supplementary Table 2) . Interestingly, this asparagine is invariant in all eukaryotic 19-residue region-B sequences (Supplementary Table 4) and is likely to be a key mediator of the hinge motion.
Hinge 2, within region C, is formed by His127-Leu131 for hDHFR and Pro105-Ala107 for ecDHFR. Region C contains 14 residues in E. coli DHFR and 16 residues in hDHFR (Fig. 3) . In hDHFR, helix αF slides 2.5 Å toward the active site in the hinge-open conformation, which is stabilized by hydrogen bonds between NADP and Ser119 at the N terminus of helix αF that are not formed in the hinge-closed conformation. In ecDHFR, the shorter hinge forms hydrogen bonds involving exclusively backbone atoms, thus limiting flexibility and restricting αF movement.
Although the detailed molecular mechanism is not yet fully understood, the long hinges in hDHFR appear to provide flexibility that allows the adenosine-binding and loop subdomains to rotate away from each other in the hE-NADPH complex, thereby opening the active site cleft and facilitating substrate access. Subdomain rotation is limited in DHFRs with shorter hinges, such as ecDHFR, in which ligand flux is facilitated by flexible active site loops. Mutations that perturb the conformational fluctuations of the active site loops in ecDHFR result in altered ligand flux, thus suggesting that either flexible loops or long hinges are required for optimal function 14 . Consistent with this finding, the sequence patterns in regions A, B and C indicate that, whereas some DHFRs contain both flexible loops (seven residues in region A) and long hinges, a few archaeal enzymes contain both a rigidified active site (eight residues in region A) and short hinges (Fig. 5) ; these enzymes are predicted to exchange ligands inefficiently.
Enzymes with intermediate dynamic mechanisms
Although bacterial and human DHFRs have similar threedimensional structures, their intrinsic dynamic properties are quite different and are associated with important differences in their catalytic mechanisms. We can only speculate as to the mechanism of an ancestral DHFR, but it is natural to expect that enzymes with intermediate mechanisms existed at some point in the evolution of the DHFR family, either as the ancestral enzyme or as intermediates between the ancestral enzyme and the other extant DHFR. DHFRs with seven residues in region A (E. coli like) and long, hDHFR-like hinges are found in various invertebrate animals, fungi and members of the flagellate unicellular eukaryotes euglenozoa (Fig. 5) , and these potentially represent enzymes with such intermediate dynamic and mechanistic characteristics. For example, ceDHFR displays dynamic characteristics that are a mix of hDHFR's and ecDHFR's. Like ecDHFR, the C. elegans protein samples different ground-state conformations across the hydride-transfer step (Fig. 4) , but 15 N relaxation dispersion experiments show that millisecond-timescale motions are absent, as for hDHFR. Unfortunately, ceDHFR structures are not Fig. 2f ). We conclude that this class of enzymes can, in fact, support the hinge-open conformation. The combined data from ceDHFR and caDHFR then provide insights into the mosaic of dynamic features present in these enzymes. Further studies will undoubtedly reveal the finer features of dynamic tuning in the DHFR family.
DHFRs may be tuned to cellular ligand concentrations
Why have DHFRs evolved different dynamics? We hypothesized that the divergent dynamics of ecDHFR and hDHFR may represent important functional adaptations to the disparate intracellular conditions in bacterial versus mammalian cells 10 . To test this hypothesis, we assessed the ability of hDHFR to complement a folA-null allele in the wild-type E. coli strain MG1655 (Online Methods). We replaced the folA open reading frame with that of hDHFR and found that expression of soluble hDHFR failed to support cell proliferation. Growth of the resulting ∆folA::hDHFR strain was strictly dependent upon the addition of exogenous thymidine to the culture medium, similar to that of a complete DHFR knockout (∆folA) (Fig. 6a,b) . Subsequent culture of the ∆folA::hDHFR strain in the absence of supplemental thymidine (after initial culture with thymidine) resulted in the arrest of cytokinesis and rapid filamentation (Fig. 6a) , results reminiscent of 'thymineless death' in thymidylate synthase (thyA) mutants 30 . One possible explanation is that the highly divergent hDHFR (28% sequence identity with ecDHFR) is unable to make essential interactions with other E. coli proteins. However, S. aureus DHFR (only 35% identity with ecDHFR) fully complements the ecDHFR knockout (∆folA::saDHFR) (Fig. 6a,b) , thus suggesting that differences intrinsic to hDHFR limit its efficiency in a bacterial cell, even though its hydride-transfer rate is faster than that of ecDHFR 10 . Vertebrate DHFRs function at much lower cellular concentrations of NADP + (~20 µM versus ~2 mM) and THF (~0.3 µM versus ~13 µM) than does the E. coli enzyme 10, [31] [32] [33] , and the ratio of NADPH to NADP + differs greatly between mammalian (~100:1) and E. coli (~1:1) cells. Consequently, the E. coli enzyme may have evolved a dynamic mechanism that allows it to avoid end-product inhibition due to the high concentrations of NADP + in bacterial cells. In contrast, hDHFR was not subjected to the same evolutionary pressure, as the large excess of NADPH over NADP + in mammalian cells favors efficient exchange of NADPH for NADP + . To assess whether the human and E. coli enzymes are differentially susceptible to end-product inhibition by NADP + , we monitored the effect of increasing concentrations of NADP + on the initial catalytic rate for both ecDHFR and hDHFR. As predicted, hDHFR is ~10 times more sensitive to inhibition by NADP + (half-maximal inhibitory concentration (IC 50) ~620 µM for hDHFR versus ~5 mM for ecDHFR) (Fig. 6c) . Thus, at concentrations of NADP + and NADPH similar to those found in E. coli, ecDHFR retains near-maximal activity, whereas hDHFR is strongly inhibited. Additionally, the N23PP S148A mutant in which the Met20 loop is stabilized in the closed conformation shows increased NADP + inhibition compared to that of ecDHFR, almost to the same extent as for hDHFR (Fig. 6c) . This confirms that the increased product inhibition of hDHFR and N23PP S148A ecDHFR can be largely attributed to the altered dynamics of the Met20 loop, which remains in the closed position.
DISCUSSION
With new insights in hand, we are poised to begin addressing why hDHFR cannot complement DHFR-deficient E. coli cells. We propose that differences in the dynamic mechanisms of the two enzymes are responsible, at least in part, for the inability of hDHFR to function efficiently in the environment of an E. coli cell. In ecDHFR, formation of product is accompanied by a shift in the ground-state conformation from closed to occluded, with concomitant expulsion of the nicotinamide ring from the active site 18 . This process is dynamic, with conformational fluctuations between the occluded and closed states and exchange of nicotinamide out of and into the active site occurring at a rate of 1,300 s −1 (refs. 16,25) . The transition to the occluded ground-state conformation in the E-NADP + -THF product complex of ecDHFR is intimately linked to NADP dissociation, and mutations that perturb the flexibility of the Met20 loop or alter the closed-to-occluded equilibrium perturb the NADP flux 14, 26, 34 . In particular, mutations such as N23PP that 'lock' ecDHFR in the closed conformation and alter millisecond-timescale fluctuations of the Met20 loop greatly decrease the rate of NADP + dissociation 14 . Because vertebrate DHFRs function at much lower cellular concentrations of NADP + and THF 10,31-33 , they have evolved to bind cofactor more tightly and release it more slowly, primarily by eliminating coordinated conformational fluctuations on the millisecond timescale and by stabilizing the active site loops in the closed conformation. The permanently closed conformation comes at the expense of slower on or off rates for substrates and products and suggests that the exaggerated domain twisting might compensate for reduced ligand accessibility to the active site. Whereas hDHFR has higher activity 10 , it is unable to rescue an E. coli cell when expressed under the endogenous promoter because the concentrations of NADP + and THF in E. coli Figure 6 Human DHFR cannot complement DHFR-knockout E. coli cells and is more sensitive to product inhibition than is E. coli DHFR.
(a) Differential interference contrast micrographs of MG1655 ∆folA and DHFR knock-in strains temporarily grown with or without thymidine, after initial growth in media supplemented with thymidine. Scale bars, 10 µm. Images were obtained with the open-source microscopy software µManager 36 . (b) Relative plating efficiency of MG1655 ∆folA and DHFR knock-in strains on LB medium with or without 100 µg/ml thymidine. Plating efficiency for each strain on LB with thymidine is normalized to 1. The mean plating efficiency is reported here, with error bars indicating the s.d. (n = 3 biological replicates) (c) Initial kinetic rates for ecDHFR (black), hDHFR (red) and E. coli N23PP S148A mutant (blue) enzyme activity, plotted as a function of increasing NADP + concentrations. The IC 50 for human DHFR is 948 µM, for ecDHFR, 6518 µM and for the mutant N23PP S148A ecDHFR 1,274 µM. The experiment was carried out in duplicate, and values for the mean initial rates and range are shown.
npg
A r t i c l e s are inhibitory. Thus, our data suggest that protein dynamics in DHFR have a major role in tuning the catalytic mechanism and ligand flux and have evolved to allow optimal enzyme function in a given cellular environment.
METHODS
Methods and any associated references are available in the online version of the paper.
Accession codes.
Coordinates and structure-factor amplitudes have been deposited in the Protein Data Bank under accession codes 4M6J (hDHFR-NADPH), 4M6K (hDHFR-NADP + -FOL) and 4M6L (hDHFR-NADP + -ddTHF). Cell pellets from 2 l of cell culture were resuspended in 80 mL lysis buffer containing 50 mM Tris, pH 8.0, 200 mM NaCl, 1 mM folic acid, 10 mM imidazole and one EDTA-free protease inhibitor cocktail tablet (Roche) and lysed by two passes through an EmulsiFlex C-3 cell disruptor (Avestin). Affinity purification was carried out with Ni-NTA resin (Qiagen), and protein was eluted with 50 mM Tris, pH 8.0, 200 mM NaCl, 1 mM folic acid, 250 mM imidazole. Fractions containing DHFR were further purified by reversed-phase HPLC and refolded as previously described 37 . DHFR from each species was divided into two aliquots; one was refolded with NADP + and FOL, whereas the other was refolded with NADP + and THF.
21-PWNAL-24 ecDHFR was expressed and purified by anion exchange and gel filtration as previously described 37 .
Preparation of NMR samples. NADP + , NADPH and folic acid were purchased from Sigma. (6S)-THF was purchased from Schircks Laboratories. Folic acid is light sensitive, and THF and NADPH are both light and oxygen sensitive and need to be treated accordingly. Buffer was extensively degassed with freezepump-thaw cycles on a vacuum line, after which 1 mM DTT was added. Protein was exchanged into the degassed NMR buffer (50 mM potassium phosphate, pH 6.5 or pH 8.0, 50 mM KCl, 1 mM EDTA, 1 mM DTT and 0.02% NaN 3 ) in an inert environment in a glove box with a NAP-5 column, and fresh ligands were added in ten-fold excess. All spectra were recorded at pH 6.5 except for the hE-NADPH complex, for which data were acquired at pH 8.0. The samples were placed in amber NMR tubes with a vacuum-line adaptor, subjected to gentle vacuum, overlaid with argon and flame-sealed to prevent oxidation of ligands.
NMR experiments. The hE-NADP + -FOL and hE-NADP + -THF complexes are stable and could be concentrated to ~1 mM for NMR experiments. Owing to the low yield after refolding and instability of the complexes, hE-NADPH and hE-FOL or hE-THF were concentrated to ~300 µM and 500 µM, respectively, for NMR experiments. Standard 3D HNCA, HNCOCA, HNCACB and HNCOCACB triple resonance experiments were used to assign the spectra of all complexes formed with either uniformly [ 2 H, 13 15 N R 2 relaxation dispersion for the 21-PWNAL-24 mutant of ecDHFR bound to NADP + and FOL was measured at 500 MHz and 750 MHz with constant-time CPMG experiments, as described previously 38 . Dispersion measurements for hDHFR were made at 800 MHz and 599 MHz, and at 800 MHz for C. elegans DHFR. All data were collected at 300 K with a total relaxation period (T cpmg ) of 40 ms. Data were fitted as previously described 16, 39 , with an in-house fitting program, GLOVE 40 .
Off-resonance 15 N R 1ρ relaxation dispersion experiments for the E-NADP + -FOL complex of hDHFR were carried out at 280 K with 900 MHz and 750 MHz spectrometers. A TROSY version of the pulse sequence described in 'scheme 2' of Massi et al. was used 41 . R 1ρ relaxation rate constants for each residue were determined by acquiring a series of two-dimensional spectra with different relaxation delays, from 6 to 160 ms. Intensities of cross-peaks were fitted with a two-parameter exponential decay function to give relaxation rate constants. Spectra were processed and analyzed with NMRPipe, NMRView and Curvefit. Ten different effective fields were obtained with a spin-lock field of 1,000 Hz and different resonance offsets. On average, for each residue a maximum effective field (ω e 2 ) of between 4 and 6 was obtained. R 1 and R 2 values were measured at 280 K with established inversion recovery and CPMG experiments 42 . Maximum relaxation delays of 2,000 ms and 240 ms were used for R 1 and R 2 , respectively. Heteronuclear NOE measurements were made in triplicate, with established methods 43, 44 . R 2 values were calculated and used instead of R 1ρ values directly according to the following relationship: R 1ρ = R 1 cos 2 θ + R 2 sin 2 θ, where θ is the tilt angle between the static magnetic field and the effective field in the rotating frame. Dispersion curve fitting was carried out as described by Massi et al. 44 , with the fitting program, GLOVE 40 .
Crystallography. Purified hDHFR was concentrated to ~12 mg/mL, exchanged into buffer containing potassium phosphate (50 mM, pH 7.5) and DTT (1 mM), and an approximately three-fold excess of the desired ligand (NADP + , NADPH, FOL and/or ddTHF) was added. Initial crystallization trials were performed with the automated Rigaku Crystalmation robotic system at the Joint Center for Structural Genomics (JCSG, http://www.jcsg.org/). Crystals were optimized in sitting drops by setting up a fine screen around the conditions of the original hit, with 0.5 µL protein + 0.5 µL precipitant per drop and varying pH and precipitant concentrations. For the E-NADP + -FOL complex, no optimization was necessary, and data were collected on a crystal obtained directly from the robotic screen. Crystals were cryoprotected in the reservoir solution supplemented with ~30% glycerol, then flash cooled and stored in liquid nitrogen until data collection. All diffraction data were collected at the Advanced Photon Source (APS) General Medical Sciences and National Cancer Institute Collaborative Access Team (GM/CA-CAT) beamlines 23ID-B or 23ID-D.
hE-NADP + -FOL was crystallized in 2 M ammonium sulfate and 100 mM phosphate-citrate, pH 4.2 at 4 °C. The 1.4-Å-resolution data set was indexed and integrated in space group P6 3 22. The hE-NADPH complex was crystallized in 24% PEG 6000 and 100 mM Tris, pH 9.5 at 4 °C, and data were collected to 1.2-Å resolution and indexed and integrated in space group C222 1 . The hE-NADP + -ddTHF complex was crystallized in 2.2 M ammonium sulfate and 100 mM sodium citrate, pH 4.0 at 4 °C. A 1.7-Å-resolution data set was indexed and integrated in space group P6 3 22. Initial data processing was done with HKL2000 (HKL Research) and merged with Xprep (Bruker). Data collection statistics for all structures are summarized in Table 1 .
The structures were solved by molecular replacement with Phaser with PDB 1DLS 45 (hE-NADPH-MTX, L22Y variant) as a search model for hE-NADP + -FOL and with the hE-NADP + -FOL structure as a search model for the other two structures. Ligands and waters were removed from all the search models before molecular replacement. One copy of the DHFR complex was found in the asymmetric unit for all structures. Rigid-body, restrained refinement and simulated annealing were carried out in Phenix 46 . After manual adjustment of the model in Coot 47 , including ligand placement and the addition of waters, two TLS groups were defined for hE-NADP + -FOL, and hE-NADP + -ddTHF restrained TLS refinement of the structure was completed with Phenix version 1.7. Anisotropic ADP refinement was carried out for the hE-NADPH structure at 1.2-Å resolution. The structures were validated with the Quality Control Check v2.7 developed by the JCSG, which included MolProbity 48 (http://smb. slac.stanford.edu/jcsg/QC/). Final refinement statistics are shown in Table 1 . The wavelength of data collection was 0.980 for hE-NADPH, and 1.033 for hE-NADP + -FOL and hE-NADP + -ddTHF. Ramachandran statistics are 98.5% favored, 0.0% disallowed for hE-NADPH and hE-NADP + -FOL, and 98.9% favored, 0.0% disallowed for hE-NADP + -ddTHF.
Model building. Strong, clear electron density was observed for all ligands in each structure (Supplementary Fig. 1) , with the exception of NADP + in the hE-NADP + -ddTHF structure (Supplementary Fig. 1f) . The hE-NADP + -FOL and hE-NADP + -ddTHF complexes crystallized under similar conditions and in the same space group (P6 3 22) and diffracted to similar resolutions. However, whereas the electron density for NADP + is clear and well defined in the hE-NADP + -FOL structure (Supplementary Fig. 1c) , it is weaker and discontinuous npg in the hE-NADP + -ddTHF structure, thus indicating disorder or low occupancy of the ligand. For the comparable ecDHFR structure (PDB 1RX4 (ref. 18) , the electron density for the cofactor is well defined except for the nicotinamide ring, which resides outside the active site and for which no electron density is observed. Electron density that would place NADP + outside the active site (as in ecE-NADP + -ddTHF) was not observed in the hE-NADP + -ddTHF electron density map. In both the hE-NADP + -ddTHF and hE-NADP + -FOL structures, three-fold excess NADP + was added to the sample. Electron density is observed in the NADP-binding site in hE-NADP + -ddTHF; however, in the 2F o − F c map contoured at σ = 1, the electron density is broken in the region of the adenosyl ribose, despite clear density for the phosphates on either side (Supplementary Fig. 1f) . In order to assess whether the observed electron density represents NADP + or molecules of free buffer components, we modeled in NADP + and, in parallel, carried out refinement of the structure in which we modeled in two phosphates, two glycerol molecules and waters to fit the electron density as best as possible in the absence of NADP + . The density is satisfied better with NADP + modeled into the active site, with the occupancy refined to ~0.8 ( Supplementary Fig. 1g,h) . Given the strong density for the phosphate groups, we conclude that NADP + is bound but is disordered in several regions. The B values of the NADP + ligand vary greatly, ranging from 24 Å 2 for the more ordered phosphate to 61 Å 2 in the adenosyl ribose. The lower B values of the NADP + are comparable to those in the surrounding regions of the protein, consistent with the notion that the ligand is present but not well ordered. These structures suggest that at low pH (4-4.5), NADP + is well ordered in the ternary Michaelis model complex, hE-NADP + -FOL, but is disordered in the product ternary complex, hE-NADP + -ddTHF, for which the next step is cofactor or product release. hDHFR was cocrystallized with 5,10-dideazatetrahydrofolate. Although the configuration of the C6 stereocenter was unknown in the starting material (potentially 6R, 6S or a racemic mixture), the electron density in the hDHFR folate-binding site indicates that the 6S enantiomer is the predominant form bound in the crystal structure ( Supplementary  Fig. 1i,j) . As our hE-NADPH crystal structure is in a different space group from the other structures and at a different pH, we supplemented the crystal structure analysis with solution NMR data ( Supplementary Fig. 3d,e and Supplementary Note) in order to elucidate the conformational changes in the human enzyme as it progresses through the catalytic cycle. The two subdomains in hDHFR were identified and defined with DynDom 49 .
